Adenomatous polyposis coli (APC) is a microtubule plus-end scaffolding protein important in biology and disease. APC is implicated in RNA localization, although the mechanisms and functional significance remain unclear. We show APC is an RNA-binding protein and identify an RNA interactome by HITS-CLIP. Targets were highly enriched for APCrelated functions, including microtubule organization, cell motility, cancer, and neurologic disease. Among the targets is b2B-tubulin, known to be required in human neuron and axon migration. We show b2B-tubulin is synthesized in axons and localizes preferentially to dynamic microtubules in the growth cone periphery. APC binds the b2B-tubulin 3 0 UTR; experiments interfering with this interaction reduced b2B-tubulin mRNA axonal localization and expression, depleted dynamic microtubules and the growth cone periphery, and impaired neuron migration. These results identify APC as a platform binding functionally related protein and RNA networks, and suggest a self-organizing model for the microtubule to localize synthesis of its own subunits.
INTRODUCTION
Microtubules are fundamental for the spatial organization of the cell, providing structural elements for cell shape, localization of subcellular components, and cell motility. Their function in both static and dynamic cell processes is reflected at the molecular level by the existence of distinct populations of stable and dynamic microtubules. In migrating axons, for example, stable microtubules are bundled in the axon shaft and growth cone central domain, while dynamic microtubules rapidly explore the growth cone peripheral domain, which initiates the direction of movement. A key site for regulation of microtubule dynamics is the plus end, where most growth and shortening occur. Plusend tracking (+TIP) proteins are known to regulate microtubule dynamics, although the precise mechanisms by which they operate are generally not well understood (Lowery and Van Vactor, 2009; Dent et al., 2011; Stiess and Bradke, 2011) .
Adenomatous polyposis coli (APC) is a +TIP protein that promotes microtubule assembly and has been studied extensively for its roles in biology and disease. Structurally, APC is a large scaffold protein with binding sites for multiple protein partners (Figure S1A available online). It was initially identified as a major tumor suppressor and is mutated in most human colon carcinomas and in brain tumors (Kinzler and Vogelstein, 1996; Aoki and Taketo, 2007; Burgess et al., 2011) and has also been implicated in neurologic disorders, including schizophrenia and autism (Cui et al., 2005; Kalkman, 2012) . Its normal biological functions include cytoskeletal regulation in cell and axon migration, cell polarity, and adhesion (Zhou and Snider, 2006; Aoki and Taketo, 2007; Barth et al., 2008) . In addition to its role in microtubule regulation, APC functions in the canonical Wnt signaling pathway, which regulates gene transcription (Clevers and Nusse, 2012) . Although Wnt and microtubule pathways were initially studied separately, it has become increasingly clear that they are interconnected, and both are proposed to contribute to effects of APC in biology and cancer (Nä thke, 2006; Salinas, 2007) .
Both microtubules and APC have been studied extensively in the context of the neuron, a well-suited model because of its highly organized shape and motility. Microtubules play critical roles in axon and neuron migration, axon-dendrite polarity, and synapse formation (Lowery and Van Vactor, 2009; Dent et al., 2011; Stiess and Bradke, 2011) . The microtubule has also long been known to have central roles in neurodevelopmental and neurodegenerative diseases (Gerdes and Katsanis, 2005; Manzini and Walsh, 2011) . Moreover in recent years, mutations in several individual tubulin genes, including TUBB2B, TUBA1A, TUBB3, and TUBB5, have been found to cause Mendelian disorders in humans, resulting in abnormal axon guidance or cortical neuron migration (Tischfield and Engle, 2010; Bahi-Buisson et al., 2014) . The distinctive phenotypes of these tubulin mutations have supported the multitubulin hypothesis, which proposes that the many tubulin isotypes encoded by different genes have distinctive functional properties. However, the mechanisms that contribute to isotype-specific tubulin functions are generally not well understood (Tischfield and Engle, 2010) .
RNA-based mechanisms have increasingly been implicated in the development and functioning of the nervous system, including in axon guidance, neuron migration, and synapse plasticity, as well as in diseases, such as mental retardation (Darnell, 2013; Jung et al., 2014) . In principle, important advantages of regulation at the RNA level include the potential to direct protein synthesis to specific subcellular locations and also the ability to coordinately regulate extensive mRNA networks independent of the structure of the encoded proteins. A major advance in characterizing mRNA networks at the genome-wide level has been the introduction of HITS-CLIP, a technique that uses UV crosslinking to identify RNAs directly bound to a protein of interest in the native context of cells or tissues, followed by highthroughput sequencing (Licatalosi et al., 2008; Darnell, 2013) , although the understanding of neural protein-RNA regulatory networks remains at an early stage. Intriguingly, a study in fibroblasts found that APC associated, directly or indirectly, with RNA and was required for localization of two RNAs into pseudopodia (Mili et al., 2008) . Here, we set out to investigate the mechanism of APC interaction with RNA, its genome-wide set of targets, and the biological significance of these interactions.
Our results identify a novel function of APC as an RNA-binding protein. HITS-CLIP in native brain tissue identified 260 high-confidence mRNA targets, encoding proteins strikingly related to APC in function. One of these mRNAs encodes b2B-tubulin/ Tubb2b, a tubulin isotype required in cortical neuron migration and axon tract formation in humans (Jaglin et al., 2009; Cederquist et al., 2012; Romaniello et al., 2012) . b2B-tubulin protein was found to preferentially localize in dynamic microtubules in the growth cone peripheral domain. Its expression was positively regulated by APC, and treatments to block the interaction of APC with the binding site in the b2B-tubulin mRNA 3 0 UTR caused loss of dynamic microtubules and the growth cone peripheral domain and impairment of cortical neuron migration in vivo. These results indicate that the diversity of tubulin isotypes can be explained in part by acquisition of RNA regulatory motifs specifying distinctive subcellular distributions. They also provide a mechanism for control of microtubule dynamics and suggest a self-organization principle for a polarized cellular structure, the microtubule, to direct the localized synthesis of its own components. The results also show that in addition to APC's role as a scaffold for a network of proteins, it also binds a functionally related network of mRNAs, providing a generalizable way to coordinate cellular networks at the protein and RNA levels, with general implications for the actions of APC in biology and disease.
RESULTS

Genome-wide Identification of APC Target mRNAs in Brain
We initially considered the possibility that APC might directly bind RNA for several reasons. APC plays a role in RNA localization in cultured fibroblasts (Mili et al., 2008) . Also, APC has an intrinsically unstructured basic region (Figures S1A and S1B) that binds DNA (Deka et al., 1999; Qian et al., 2008) . Because unstructured regions are prevalent in both DNA-binding (Vuzman and Levy, 2012) and RNA-binding proteins (Castello et al., 2012) and allow specific binding to more than one type of target (Tompa, 2012) , and because other proteins can bind both DNA and RNA, we experimentally investigated the associations of APC with RNA using CLIP. UV crosslinking was carried out in native E14 mouse brain tissue, followed by APC immunoprecipitation, digestion of free RNA, radiolabeling of the protected RNAs, and resolution of protein-RNA complexes on a denaturing gel ( Figure 1A ). In previous studies using several APC antibodies, the full-length and best-characterized protein isoform migrated at $300 KDa, with additional shorter isoforms, and here APCassociated RNAs migrated in a comparable pattern ( Figure 1A) . No protein-RNA complexes were detected in cells bearing truncated APC alleles lacking the region recognized by the APC antibodies, providing a control for antibody specificity ( Figure S1C ). To further test binding with RNA, the CLIP experiment was repeated using cells transfected with a construct expressing the APC basic domain fused to an HA tag, and the results indicated direct binding of the APC basic domain to RNA ( Figure 1B ). These data, further confirmed by evidence presented later, identify a new biochemical function for APC as an RNA-binding protein.
To perform a genome-wide identification of RNA targets for APC in brain, we next used HITS-CLIP, which combines CLIP with high-throughput sequencing ( Figure 1A ) (Licatalosi et al., 2008) . To reduce potential false positives, two different APC antibodies were used, and for one of them three independent immunoprecipitation replicates were performed, giving a total of four data sets ( Figure S1D ). Binding peaks were identified on the basis of having multiple sequence reads in all four samples, with height and fold enrichment strongly above background to give a low false discovery rate (FDR < 0.001; Figure S1D ; Experimental Procedures). This procedure identified a set of 631 high-confidence binding peaks in mRNAs from 260 genes. Figure 1C shows examples of peak distribution for representative target mRNAs encoding proteins well known to have APCrelated functions: b-catenin, a central protein in the Wnt signaling pathway, CRMP2, a key regulator of microtubule assembly, b2B-tubulin, a structural component of microtubules, and kinesin Kif5c, a major axonal microtubule motor protein. The great majority of APC binding sites were in mRNA 3 0 UTRs (582/631 peaks; Figures 1C and 1D ). As is common for protein-RNA interactions, no unique binding sequence could be identified. However, three consensus motifs were strongly overrepresented ( Figure 1E ), with 77% of APC target mRNAs carrying at least one of these motifs within APC binding sites.
Global Analysis of APC Targets in Biology and Disease
Given the well-known role of APC in microtubule function, we first performed a systematic search for components and regulators of the microtubule cytoskeleton encoded by APC mRNA targets (see Experimental Procedures). This analysis revealed an extensive set of proteins involved in microtubule organization, including tubulins, regulatory proteins that bind microtubules, and key upstream regulatory components (Figure 2A ; also Tables S1 and S2 ). In addition to their relation with microtubules, these proteins bind and regulate one another, forming a highly interconnected protein-protein interaction network. Moreover, APC targets include actin and actin-regulatory factors, consistent with previous studies showing that APC can bind and promote the assembly of actin filaments (Okada et al., 2010) , and with the broader concept that microtubules and the actin cytoskeleton are tightly coordinated (Lowery and Van Vactor, 2009; Dent et al., 2011) . Together, these observations identify a highly interconnected network of encoded cytoskeletal proteins closely related to known APC functions, suggesting a model in which APC function could involve coordinate regulation of both protein and RNA networks.
For a more global analysis of APC mRNA targets, we performed gene ontology (GO) analysis of biological processes using the DAVID platform (http://david.abcc.ncifcrf.gov/). The top six clusters are shown in Figure 3 (also Table S4 ), and notably they all correspond to biological processes in which APC is well known to play key roles. Similar clusters were robustly obtained whether APC targets were compared to a control consisting of the brain transcriptome used here for APC-CLIP (Table S4) or the whole-mouse transcriptome (Refseq database) (Table S5) . Notably, a substantial proportion of the genes on the APC target list fall into these top six functional categories (128/260 genes), a proportion likely to be an underestimate because not all genes will yet have been tested for these six categories and because additional APC functions are not represented here (such as Wnt signaling, see below, and synapse formation, the seventh cluster; see Table S4 ). In addition to their relation with APC, these functional categories are highly related to one another, as reflected by the fact that the majority of the genes are found across more than one category (color-coded dots in Figure 3 ).
When the APC targets were tested for potentially enriched signaling pathways, using the ingenuity pathway analysis (IPA) platform, the Wnt/b-catenin pathway was identified as the most enriched signaling pathway (p < 4 3 10 À5 ; see Table S1 for Wnt pathway components), a striking finding in view of the well-known role played by APC in this pathway. We also investigated the relationship of the APC target list to human disease using the IPA tools (Figure 2B , top; also Table S3 ) and also by a systematic search for genes that cause human disorders with Mendelian inheritance (Figure 2B , bottom; also Figure S2 ). Both analyses revealed a relationship of APC mRNA targets to neurodevelopmental and neurodegenerative diseases and cancer, consistent with studies linking these disorders with APC, the Wnt/b-catenin pathway, and microtubules. Taken together, these analyses show that APC binds a highly coherent set of mRNA targets, closely related to its roles in both normal biology and disease, and suggest a model in which the action of APC as an RNA-binding protein may play a role in these processes.
b2B-Tubulin mRNA as a APC Target in the Axon Having obtained a list of mRNAs with APC binding sites, we were interested to experimentally investigate potential functional effects of these binding sites. To identify candidate mRNAs for further study, we compared our target list to a list of mRNAs prsent in dorsal root ganglion (DRG) axons (Gumy et al., 2011) , because APC is involved in axon growth, and found that 45% of APC targets were present on the axonally expressed list (Figure 4A ; also Tables S1 and S6 ). Among these, b2B-tubulin emerged as a particularly interesting candidate. b2B-tubulin had a robust APC binding peak in its mRNA 3 0 UTR (Figures 4B and S3A) and has an obvious role in microtubule assembly. Moreover, in rodent embryos, similar to APC conditional knockout, b2B-tubulin RNAi causes impaired cortical neuron migration (Jaglin et al., 2009; Yokota et al., 2009 ), while in humans, b2B-tubulin mutations cause asymmetric polymicrogyria, a disorder associated with severe mental retardation and characterized by defects in cortical neuron migration and axon tracts (Jaglin et al., 2009; Cederquist et al., 2012; Romaniello et al., 2012) . Together, these biochemical, developmental, and genetic results provided a framework of information to further study b2B-tubulin in the context of migrating axons and neurons.
To investigate the functional significance of the APC binding site in the b2B-tubulin mRNA, we first wanted to delineate the site in more detail. The HITS-CLIP binding peak in the 3 0 UTR was centered on a sequence that fitted the consensus G-rich motif and showed evolutionary conservation (Figures 4B and 4C top; Figure S3A ). To further confirm a direct protein-RNA interaction, we performed in vitro binding assays using purified components. Gel shift experiments showed that recombinant purified APC basic region bound to short synthetic RNAs containing the G-rich sequence found in the binding peak from b2B-tubulin or other target mRNAs ( Figure 4C ). The binding had a high affinity, in the range of known RNA-binding proteins interacting with their cognate RNA targets (K D $10 nM; Figures  4D and 4E ). These in vitro binding results, taken together with the CLIP data in cells and in native brain tissue (Figures 1A, 1B, and S1C), further confirmed that APC directly binds RNA and indicate that the G-rich motif in the b2B-tubulin binding peak is a sequence that can bind directly to APC-basic with high affinity. (A) APC HITS-CLIP with E14 mouse brain. Protein-RNA complexes were UV-crosslinked in native brain tissue; brains were homogenized; RNAs were trimmed to $40 nt; APC or control antibodies were used for immunoprecipitation; RNAs were radiolabeled; and RNA-protein complexes were separated by SDS-PAGE and autoradiographed. Letters a-d indicate RNA-protein complexes reproducibly pulled down with APC antibodies. (B) Direct interaction between APC basic domain and RNA (arrow). N2A neuroblastoma cells were transfected with a plasmid expressing APC basic domain fused to an HA tag, followed by UV-crosslinking, lysis, RNA trimming to $10 nt, immunoprecipitation with HA antibody, RNA radiolabeling, SDS-PAGE, and autoradiography. Negative controls are in lanes 1, 2, and 4; APC amino acids 800-1300 provide a control region also predicted to be unstructured ( Figure S1B ). (D) APC binding peaks were predominantly in mRNA 3 0 UTRs.
(E) Consensus sequence motifs identified within APC binding regions using MEME software. See also Figure S1 and Table S1 .
To investigate the regulatory effect of APC binding to the b2B-tubulin mRNA 3 0 UTR, an antisense oligomer was designed to block the G-motif (3 0 Tubb2b APC-site PNA; see Figure 4B , mouse sequence). Peptide-nucleic acids (PNAs) were chosen because they have enhanced binding specificity, and antisense oligos were designed to have multiple mismatches with any other mRNA in the transcriptome (Extended Experimental Procedures). Treatment of mouse DRG neurons with the 3 0 Tubb2-b APC-site PNA reduced b2B-tubulin protein levels in axons ( Figure S4C ). The presence of b2B-tubulin mRNA in axons, and past evidence for tubulin translation in axons (Eng et al., 1999; Zivraj et al., 2010; Gumy et al., 2011) makes b2B-tubulin a likely candidate for local axonal translation. To confirm local translation in the axon, severed axons in culture were treated with the protein synthesis inhibitor cycloheximide, resulting in a 38% reduction in b2B-tubulin protein expression within 3.5 hr (Figure 5A) . To test for a local axonal effect of the APC binding site on b2B-tubulin expression, severed axons were treated with the antisense 3 0 Tubb2b APC-site PNA, which had a similar effect to cycloheximide, reducing b2B-tubulin protein expression by 35% within 3.5 hr ( Figures 5A, S4A , and S4B). These data suggest a model in which APC binding to the b2B-tubulin mRNA would promote b2B-tubulin protein expression. Supporting this model, b2B-tubulin protein levels were reduced when APC was knocked down using small hairpin RNAs (shRNAs) ( Figures 5B,  S4D , and S4E), further establishing APC as a positive regulator of b2B-tubulin protein expression.
We were also interested in assessing whether APC might localize near components of the translation machinery in growth cones. Immunolocalization showed that markers of translation machinery, including eIF4E and ribosomal protein Rpl19, formed clusters in the growth cone periphery, which were often found in overlapping or contiguous distributions with clusters of APC ( Figures 5C-5E , S4F, and S4H). The slight offset sometimes seen between APC and eIF4E or Rpl19 puncta is consistent with the large size, oligomerization, and intrinsically unstructured character of APC, which allow it to extend over substantial distances (up to 600 nm per APC molecule) (Minde et al., 2011) . APC was similarly found in overlapping or contiguous distributions with sites of newly synthesized protein visualized by pulse labeling with the amino acid analog azidohomoalanine (AHA) ( Figure S4G ). We were also interested in assessing whether APC-translation machinery clusters localize near the microtubule cytoskeleton, focusing on the peripheral domain, where microtubules are spread out and can best be observed. Microtubule dynamics in the growth cone involve cycles of polymerization and depolymerization at microtubule filament tips, as well as the presence of small isolated microtubule fragments (Myers et al., 2006; Stiess and Bradke, 2011) . APC and markers of translation machinery were seen around a subset of microtubule tips and in most growth cones showed consistent clustering around isolated microtubule fragments ( Figures 5C-5E , S4F, and S4H), which may represent either severed or locally nucleated microtubules (Stiess and Bradke, 2011) .
We next tested whether the b2B-tubulin mRNA might be found in the growth cone periphery, where dynamic microtubles extend. Using fluorescence in situ hybridization (FISH), we found that b2B-tubulin mRNA is indeed located in the axon, including in Green arrows indicate major regulatory interactions; gray arrows indicate association with the plasma membrane. Dync1li2 and Dynll2 are shown as a single dynein icon for simplicity; Ppp2ca, a subunit of the PP2A complex, is shown as a single PP2A icon. Cytoskeleton-related mRNAs were identified by database searches and manually curated for accuracy (Experimental Procedures; Table S2 ). (B) APC-target mRNAs encode proteins linked to cancer and neurologic diseases. Upper: disease terms and clusters associated with APC targets, identified with the IPA package (see Experimental Procedures). Lower: APC mRNA targets corresponding to genes that cause Mendelian disorders in humans. See also Figure S2 and Tables S1, S2, and S3. the growth cone periphery ( Figure 5F ). When neurons were treated with the antisense 3 0 Tubb2b APC-site PNA, b2B-tubulin mRNA levels dropped in the distal axon and increased in the soma ( Figures 5G and 5H ), indicating that blocking the APC binding site in the b2B-tubulin 3 0 UTR inhibits axonal localization of the mRNA.
To further validate the specificity of the antisense approach, these experiments were repeated with antisense morpholinos, another class of nucleic acid analog with enhanced target selectivity (Karkare and Bhatnagar, 2006) . Both the 3 0 Tubb2b APC-site PNA and morpholino overlap the same G-motif, but the PNA shares only 12/25 residues of the morpholino-target sequence. Represented here are the top six functional clusters of APC targets identified by DAVID analysis. After automated identification of the top six clusters based on gene ontology terms of biological processes, the list of genes for each of these clusters was curated for enhanced accuracy (see Experimental Procedures). Proteins in more than one cluster are cross-referenced with color-coded numbers; those also in the Wnt signaling pathway are marked with a ''w,'' and those also causing Mendelian disorders are marked with black dots. See also Tables S1, S4, and S5.
Additionally, the morpholino was designed to be used in a different species, rat, to take advantage of a single-nucleotide mouse/rat difference within the overlapping region (asterisk in Figure 4B ), further eliminating the possibility that both antisense oligomers could significantly bind any potential common offtarget RNA. As expected, the antisense 3 0 Tubb2b APC-site morpholino interfered with the binding of the APC basic domain to the 3 0 Tubb2b APC-site RNA oligonucleotide in vitro ( Figure S3B ), and confirming the results obtained with the PNA, it inhibited localization of the b2B-tubulin mRNA in the distal axon ( Figures  5H and S4I) . In contrast, when rat neurons were treated with the 3 0 Tubb2b APC-site PNA designed to target the mouse sequence, no effect was seen in b2B-tubulin mRNA levels or in localization ( Figure S4I ). Together, these results indicate that the APC binding site in the b2B-tubulin mRNA promotes axonal localization of the b2B-tubulin mRNA and axonal expression of b2B-tubulin protein. Figure S3 and Tables S1 and S6.
Roles in Growth Cone Structure and Neuron Migration
To investigate the functional significance of b2B-tubulin local protein synthesis in axons, we next examined the distribution pattern of this protein in dissociated DRG neurons. b2B-tubulin labeling was seen prominently in axons, and it extended well into the peripheral domain of the growth cone, including the actin-rich periphery and filopodia ( Figures 6A, 6B , and S5A). Similar results were obtained with two different antibodies, and immunolabeling was blocked by small interfering RNAs targeting the b2B-tubulin mRNA (data not shown). When the peripheral to central distribution was assessed quantitatively, compared to b3-tubulin (Tuj1, which is widely used as an axonal marker and was not on our APC target list), there was a strong enrichment of b2B-tubulin labeling in the peripheral domain (2.9-fold enrichment; Figure 6C ). A similar result was obtained by comparing to pan-a-tubulin antibodies (data not shown). When b2B-tubulin immunolocalization was compared with tyrosinated (Tyr-tubulin; dynamic) and detyrosinated (Glu-tubulin; stable) microtubules, it was found to overlap with dynamic microtubules in the periphery, where there was little or no labeling for stable microtubules ( Figures 6D and  S5B ). b2B-tubulin labeling was additionally seen in the axon shaft, where both dynamic and stable microtubules are present ( Figures 6D and S5B ). Although these results do not exclude the possible presence of b2B-tubulin in stable microtubules (as indeed one might expect if b2B-tubulin were incorporated into dynamic microtubules that subsequently become stabilized), they show prominent overlap of the b2B-tubulin pattern with dynamic microtubules in the growth cone periphery.
Our findings on b2B-tubulin distribution in the axon suggested a functional role in the growth cone periphery. To study the function of APC binding to the b2B-tubulin 3 0 UTR, we next analyzed the morphology of DRG neurons treated with the 3 0 Tubb2b APC-site antisense oligomers. The 3 0 Tubb2b APC-site morpholino had no evident effect on the overall morphology of neurons and their axons or on axon length (data not shown), but growth cone area was strongly reduced (2.6-fold reduction; Figure 6F) . Similarly, the 3 0 Tubb2b APC-site PNA did not affect overall morphology of the axon or soma but strongly reduced growth cone area, compared to a nontargeting PNA (2.3-fold reduction; Figure 6G ) or compared to a PNA targeted to a neighboring region of the b2B-tubulin 3 0 UTR (data not shown). Immunolabeling of stable and dynamic microtubules indicated that the overall loss of growth cone area corresponded to a selective loss of the growth cone peripheral domain and dynamic microtubules, whereas stable microtubules, found in the central domain, appeared unaffected ( Figures 6E and 6H ). These results lead to a model in which tubulin synthesis in axons is promoted by APC binding to the G-rich motif in the b2B-tubulin mRNA 3 0 UTR and in turn is important for normal extension of peripheral dynamic microtubules and formation of the classic expanded shape of the growth cone.
To extend our studies of b2B-tubulin regulation to the developing brain in vivo, we examined cortical neuron migration for several reasons. Migrating cortical neurons extend a leading process that guides their migration and has a cytoskeletal architecture similar to axons (Marín et al., 2010) . Moreover, cortical neuron migration is impaired in both APC-and b2B-tubulin-deficient rodent models (Jaglin et al., 2009; Yokota et al., 2009) , while mutations in human b2B-tubulin cause defects in axon tracts and cortical neuron migration (Jaglin et al., 2009; Cederquist et al., 2012; Romaniello et al., 2012) . Therefore, based on our data in growth cones, we hypothesized that cortical neuron migration might be impaired by blocking the b2B-tubulin 3 0 UTR APC binding site. To test this, the 3 0 Tubb2b APC-site antisense morpholino was introduced into the brain of E15.5 rat embryos by in utero electroporation. Three days later, cortical neurons electroporated with a control morpholino had migrated all the way to the upper layers of the cortex, whereas a majority of neurons electroporated with the 3 0 Tubb2b APC-site antisense morpholino had not reached the upper cortical plate (Figure 7) , showing an impairment of cortical neuron migration in vivo. We also tested the APC basic domain, reasoning that it would have dominant interfering effects on endogenous APC activity, because this domain binds RNAs (Figures 1 and 4) but lacks other regions of APC required for protein-protein interactions and will therefore not localize and function properly (Askham et al., 2000) . As predicted, similar to the antisense oligonucleotide against the APC binding site, expressing the basic domain of APC strongly reduced cortical neuron migration in vivo ( Figure S6 ).
DISCUSSION
Here, we find that APC, a protein-protein scaffold studied extensively for its important roles in biology and disease, is also an RNA-binding protein, and moreover it associates with a network of mRNAs highly related to its functions. The dual ability of APC to act as a platform for extensive associations with both protein and RNA networks suggests novel mechanisms to regulate biological network function coordinately at the protein and RNA levels. APC is known as a microtubule +TIP protein regulating microtubule assembly, and here we find that APC directs mRNA localization and synthesis of a specific tubulin isotype, b2B-tubulin. Our results suggest a model in which APC would promote microtubule polymerization in part by directing the local translation of tubulin in the vicinity of microtubule growing ends, suggesting a self-organizing principle for a polarized cellular structure, the microtubule, to spatially direct the synthesis of its own components.
APC as an mRNA-Binding Protein APC has not been previously identified as an RNA-binding protein in part because its sequence does not contain any classical RNA-binding domain. Interestingly, this is consistent with a recent genome-wide screen reporting that approximately half of all proteins that bind RNA do not have any recognizable RNA-binding domain (Castello et al., 2012) . Although the APC basic region does not show obvious primary sequence homology with classical RNA-binding domains, it does share properties commonly found in other RNA-binding proteins, including a low frequency of acidic residues and a high prediction value for intrinsic disorder (Castello et al., 2012; Dyson, 2012) . In addition to being enriched in RNA binding proteins, intrinsically unstructured protein regions are currently of high interest in biology more generally. Such regions allow scaffolding proteins, such as APC, to sweep a large volume of the cell, and also they have the ability to conformationally adapt to bind more than one type of target molecule with high specificity (Minde et al., 2011; Tompa, 2012) .
Regarding recognition motifs, RNA-binding proteins typically bind sequences that are short or highly degenerate, and in many cases it has been difficult to identify any consensus sequences. Here, three enriched consensus motifs were identified within APC target sites, with 77% of the APC-target mRNAs containing at least one of them. The ability of RNAbinding proteins to recognize binding sites with a variety of primary sequences can have at least two general explanations. First, structurally flexible RNA-binding domains may be able to bind multiple target motifs (Dyson, 2012) . Second, binding sites in RNA often involve secondary structures that can be generated by various primary sequences (Hall, 2002) . Our in vitro binding experiments using APC basic domain and short RNA oligonucleotides demonstrated high-affinity binding to the G-rich consensus motif. This motif might possibly form a (A) b2B-tubulin protein levels in severed axons are reduced by a protein synthesis inhibitor or by antisense PNA oligomer to block APC binding to the b2B-tubulin 3 0 UTR. b2B-tubulin levels were measured by immunofluorescence. E14 mouse whole-DRG explants were cultured for 2 days, and then axons were severed and treated as indicated for 3.5 hr.
(legend continued on next page)
G-quadruplex, a structure recognized by some other nucleic acid-binding proteins (Burge et al., 2006) , although the G-quadruplex consensus does not precisely fit the G-motif identified here. Comparable binding to synthetic oligonucleotides containing the other two motifs was not detected (N.P., unpublished data); there could be various reasons for this: the short RNAs used in our assay may not have possessed necessary secondary structures; additional APC regions outside the basic domain may contribute to RNA binding; or APC might bind cooperatively with other RNA-binding proteins. Indeed, APC has been reported to associate directly or indirectly with RNA binding proteins FMRP and Fus/TLS (Mili et al., 2008; Yasuda et al., 2013) , and it could be interesting to investigate whether these interactions contribute to APC mRNA binding specificity.
Isotype-Specific Tubulin Regulation
The two main cytoskeletal components at the front of migrating cells and axons are microtubules and actin filaments. Regulation of actin synthesis has been studied extensively over the past two decades. Local actin synthesis at the leading edge is limited to the b-actin isoform, under control of elements in its mRNA 3 0 UTR (Condeelis and Singer, 2005; Xing and Bassell, 2013; Jung et al., 2014) . Analogous to actin-indeed substantially more numerous-tubulins exist in multiple isotypes encoded by distinct genes. Although the significance of tubulin isotypes remains little explored, growing evidence indicates that they have distinctive biological functions, confer different dynamic properties to microtubules, and cause different diseases when mutated (Tischfield and Engle, 2010) . Our studies on the b2B-tubulin isotype suggest a model in which individual tubulin isotypes would have distinct sets of regulatory elements in their 3 0 UTRs, allowing them to be subject to different posttranscriptional control mechanisms and contributing to their distinctive functions. One potential reason for RNA-based regulation of specific tubulin isotypes could be to control their differential spatial distribution. This hypothesis is supported by multiple observations in our data. The b2B-tubulin mRNA was localized to axons and locally translated there under control of the APC binding site in its 3 0 UTR, and we found that APC and translational machinery clustered together near microtubule tips and isolated microtubule fragments in the growth cone peripheral domain. Also, the b2B-tubulin isotype, relative to other tubulins, showed preferential localization to dynamic microtubules in the growth cone periphery. Correspondingly, blocking the APC binding site in the b2B-tubulin 3 0 UTR caused a strong and selective loss in dynamic microtubules and in area of the growth cone periphery. Consistent with these findings, previous studies have described altered microtubule behavior in APC conditional knockout mice, including a reduced duration of microtubule growth events, and altered directionality with less frequent growth toward the periphery (Yokota et al., 2009; Chen et al., 2011) . Our results all support a model in which axonal synthesis of b2B-tubulin contributes to the extension of peripheral dynamic microtubules enriched in b2B-tubulin and plays an important role in formation of the classical expanded shape of the axonal growth cone. More generally, our data suggest that an advantage of the existence of multiple tubulin isotypes may have been the evolutionary acquisition of distinct RNA regulatory motifs specifying unique subcellular distributions.
Interconnected Networks of APC-Bound mRNAs
Regulation at the mRNA level presents unique advantages for biological organization and regulation. One is the ability to direct the synthesis of specific proteins to specific subcellular sites. Consistent with such a role for APC, in addition to b2B-tubulin as discussed above, other proteins encoded by APC mRNA targets-including b-actin, b-catenin, and importin-bare known to be locally translated at the leading edge of migrating cells or in axons (Hanz et al., 2003; Condeelis and Singer, 2005; Jones et al., 2008) . The localization of two mRNAs in fibroblast protrusions was previously reported to involve APC (Mili et al., 2008) ; these mRNAs were not in our APC RNA interactome, although they were in our mouse brain transcriptome, suggesting either that they interact with APC indirectly or that there may be brain/fibroblast differences, such as alternative 3 0 UTRs, or different proteins cooperating with APC. The same study also identified a genome-wide list of mRNAs that move into fibroblast protrusions in response to extracellular cues, although this was not a list of APC-associated mRNAs, and it may be informative to test in future whether all fibroblast protrusion mRNAs are associated with APC (there was little overlap of that list with our brain APC interactome; 2/260 mRNAs). An alternative model, rather than APC being involved in localization of all mRNAs found in the (B) Axonal b2B-tubulin protein levels were reduced when APC levels were knocked down using shRNAs in differentiated N2A cells. (C) APC and the translation initiation factor eIF4E cluster at microtubule tips and isolated microtubule fragments (arrows) in axons of dissociated rat DRG neurons. Growth cone periphery is shown here, from central domain at bottom to lamellipodial leading edge at top. Scale bar, 2 mm. (D) Enlargement of boxed area in (C). (E) Quantitation of immunolabeling at isolated microtubule fragments in the periphery of DRG growth cones. Isolated microtubule domains were identified and delineated using an automated approach (see Experimental Procedures), and nested regions of interest (ROIs) centered on tubulin were then used to measure the distribution of tubulin, eIF4E, and APC labeling, confirming that these markers cluster together at isolated microtubule fragments. Control level was average for peripheral domain. periphery of cells, is that different subsets of mRNAs might be localized by different RNA-binding proteins, a model that may have advantages for biological specificity. Besides spatial organization, a second advantage of RNAbased regulation is that it can coordinately regulate large protein networks, independent of the structure of the encoded proteins. Here, we find that the APC mRNA interactome encodes protein networks highly interconnected by overlapping functions, regulatory relationships, and physical associations. Although there has been no clear evidence for coordinated assembly of an entire locally synthesized protein network, the proximity of mRNAs during protein synthesis can contribute to formation of protein complexes cotranslationally (Chang et al., 2006) . The functionally coherent mRNA interactome of APC clearly sug-(D) b2B-tubulin protein distribution overlaps dynamic microtubules. Dissociated rat DRG neurons were immunolabeled for b2B-tubulin, Tyr-tubulin (dynamic microtubules), and Glu-tubulin (stable microtubules). Arrows indicate examples of overlap for b2B-tubulin and dynamic microtubules in the peripheral domain. Scale bar, 5 mm. (E) Growth cone area and peripheral dynamic microtubules were reduced by treatment of dissociated rat DRG neurons with 3 0 Tubb2b APC-site morpholino that blocks APC-binding site in the b2B-tubulin 3 0 UTR.
(F) Rat DRG neurons treated with control or 3 0 Tubb2b APC-site morpholino were coelectroporated with a GFP plasmid to measure growth cone area. n = 37-39, *p < 0.05. (G) Mouse DRG neurons were incubated with control or 3 0 Tubb2b APC-site antisense PNA oligomer, and growth cone area was quantified based on actin (phalloidin-rhodamine) fluorescence. n = 55-151, ***p < 10 À14 .
(H) Quantitation of growth cone Glu-or Tyr-tubulin fluorescence signals, obtained as described in (E). n = 73-88; *p < 0.05, ***p < 10 À7 .
Error bars, SEM; p values by t test. See also Figure S5 . Figure S6 .
gests mechanisms to coordinately regulate an entire protein network temporally or spatially. Although axonal levels of b2B-tubulin RNA and protein were positively regulated here, it may be interesting to investigate whether APC binding sites on mRNAs might also have negative effects on protein expression and the exact mechanisms involved. The mechanisms of RNA localization, translation, and stability are coupled, and it is common for individual RNA-binding proteins to influence more than one of these processes (Dreyfuss et al., 2002) . Other aspects that might be interesting for future investigation are the potential relationship with previously described RNA granules (Xing and Bassell, 2013; Yasuda et al., 2013) , or cellsurface receptors (Tcherkezian et al., 2010) , and whether APC is part of a constitutive mechanism of the growth cone machinery or might be regulated by extracellular cues.
Besides its function as a cytoskeletal regulator, APC is well known as a component of the Wnt/b-catenin pathway, where it binds and regulates the degradation of b-catenin protein (Clevers and Nusse, 2012) . Interestingly, b-catenin is known to be translated locally at the leading edge of migrating cells (Jones et al., 2008) . Here, we find that APC binds the mRNA for b-catenin and several other proteins in the Wnt/b-catenin pathway, leading to a model in which APC may influence the expression or localization of the pathway in part via RNA-based mechanisms.
The specific set of mRNAs associated with APC matches not only APC's functions in normal biology but also its involvement in disease, including cancer and neurological disorders. Consistent with a potential involvement of RNA-based mechanisms in these diseases, the APC basic domain, found here to bind RNA, is deleted by the APC truncations that are typically associated with cancer, and missense point mutations in this domain have also been identified (Minde et al., 2011) . Cancer therapies commonly target microtubules, but toxicity remains a major caveat of this treatment (Pellegrini and Budman, 2005) . Therapeutics that act via RNA-based mechanisms may provide greater specificity by targeting the synthesis of specific components of the microtubule regulatory machinery or tubulin isoforms, and the identification here of APC mRNA targets offers tools to test this hypothesis.
APC has been studied extensively for over two decades, yet it has been difficult to identify mechanisms that might coherently unify its diverse array of effects in biology and disease (Burgess et al., 2011; Minde et al., 2011) . Our results may help to understand the overall mechanistic basis of APC function, by identifying a function as an RNA-binding protein and delineating an mRNA interactome for APC. These results lead to a model in which APC would act as a platform coordinately regulating both protein-protein and protein-RNA interactions. Our initial characterization of the APC RNA interactome indicates that it may provide a link between APC and its broad spectrum of functions in biology and disease.
EXPERIMENTAL PROCEDURES
CLIP, Neuron Cultures, Binding Assays, Immunolabeling, and In Vivo Migration Detailed procedures are in the Extended Experimental Procedures. All experiments involving animals were performed in accordance with Institutional Animal Care and Use Committee-approved protocols.
Statistical Analysis
All t tests were two-tailed and unpaired.
Image Quantitation
For growth cone area and tubulin-labeling intensities ( Figures 6E-6H ), growth cones were delineated by GFP or phalloidin fluorescence using the MetaMorph autotrace function for the distal 20 mm. Tubulin labeling intensities in Figures 5A , 5B, and S4A-S4D were measured in axons, including growth cones and axon shafts. For marker intensities in peripheral tubulin clusters ( Figures 5C-5E ), a contour was initially autotraced in the tubulin (blue) channel, blind to the other channels; concentric region of interests (ROIs) at one-pixel intervals were then created inside and outside the tubulin contour, and pixel intensities between these lines were averaged for all clusters; the control value was labeling intensity averaged over the entire peripheral domain.
For FISH quantitation, neurons were selected blind to the green channel, and green puncta were then counted in the cell body and distal 50 mm of each axon blind to the treatment. Comparable effects of antisense oligomer were seen when the whole axon was counted, and there was no effect on length or total surface area of the axon that could account for the change in FISH signal (data not shown). To confirm results in the cell body, where puncta were dense, average pixel intensity was measured, revealing comparable effects to puncta counting (21% increase, p < 0.03, for Tubb2b PNA).
Bioinformatic Analysis
To identify CLIP binding site peaks, reads were initially combined from all four replicates; clusters of overlapping reads were identified and assigned two values: peak height (maximum number of overlapping reads) and median fold enrichment (compared to randomly sampled background from mRNAseq). To differentiate enriched binding sites from false positives, mock CLIP data sets were generated by randomly sampling the same number of sequence reads as in the APC CLIP samples from the control mRNA-seq data. High-confidence peaks were selected on mature mRNAs, based on peak height, fold enrichment, and the presence of multiple reads in all four replicates ( Figure S1D ; Tables S1 and S7).
GO analysis of biological function was performed using DAVID online tools (http://david.abcc.ncifcrf.gov/). The top six enriched clusters ( Figure 3) were determined by automated functional annotation clustering based on GO terms of biological processes (GO_BP_FAT). The individual genes within these top six categories were then curated for enhanced accuracy by systematic search of the GeneCards Compendium (http://www.genecards.org/), which contains a more comprehensive annotation, including literature citations; this validated almost all the initial genes, and identified approximately 60 additional genes unambiguously annotated in these categories and cited in the literature.
APC targets related to the cytoskeleton ( Figure 2A ) were identified by batch query from the Mouse Genome Informatics (MGI) database based on GO annotations related to microtubule or actin cytoskeletons. Interactions among proteins were identified by data mining in GeneCards (http://www.genecards. org), STRING (http://string-db.org), and BioGRID (http://thebiogrid.org) and were then further validated by systematic searching in PubMed and manually selecting those supported by direct experimental evidence in studies of those individual interactions (Table S2) .
Disorders and signaling pathways associated with APC targets were identified using IPA tools (http://www.ingenuity.com/). Figure 2B shows disorders corresponding to a specific disease and represented by at least two genes, within the IPA neurological disease category (the next IPA categories are in Table S6). Single genes causing human Mendelian disorders were identified by a systematic manual search in the OMIM database (http://www.ncbi.nlm.nih. gov/omim).
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